During neuronal wiring, extrinsic cues trigger the local translation of specific mRNAs in axons 20 via cell surface receptors. The coupling of ribosomes to receptors has been proposed as a 21 mechanism linking signals to local translation but it is not known how broadly this mechanism 22 operates, nor whether it can selectively regulate mRNA translation. We report that receptor-23 ribosome coupling is employed by multiple guidance cue receptors and this interaction is 24 mRNA-dependent. We find that different receptors bind to distinct sets of mRNAs and RNA-25 binding proteins. Cue stimulation induces rapid dissociation of ribosomes from receptors and 26 the selective translation of receptor-specific mRNAs in retinal axon growth cones. Further, 27
Introduction 33
mRNA localization and local translation are major determinants of the local proteome 34 (Zappulo et al., 2017) . This seems particularly important for morphologically complex cells 35 such as neurons, where the axonal sub-compartment and its tip, the growth cone, often far 36 away from the cell body, can rapidly perform specialized functions (Holt and Schuman, 37 2013 ). During neuronal wiring, specific interactions between extrinsic cues and receptors 38 mediate guidance of axons to their proper target area, where they also regulate axon 39 branching (Stoeckli, 2018 , Manitt et al., 2009 , Marshak et al., 2007 , Cioni et al., 2013 . The 40 rapid axonal responses to several guidance cues require local protein synthesis (Jung et al., 41 2012, Campbell and Holt, 2001) . Attractive guidance cues, such as Netrin-1, trigger axonal 42 translation of mRNAs encoding proteins that facilitate actin assembly whereas repulsive cues 43 trigger the local synthesis of cytoskeletal proteins involved in actin disassembly (Leung et al., 44 2006, Wu et al., 2005 , Piper et al., 2006 . This cue-specific mode of translation enables 45 growth cones to steer differentially towards/away from a polarised cue (Lin and Holt, 2007, 46 was significantly enriched only in the DCC pulldown and the 'barbed-end actin filament 103 capping' GO term was enriched only in the Nrp1 pulldown ( Figure 1B) . To confirm the 104 interaction between receptors and ribosomal proteins, we performed Western blot (WB) after 105 IP and validated that both DCC and Nrp1 interact with small (40S) and large (60S) ribosomal 106 subunit proteins ( Figure 1C-D) . These interactions appear to be conserved, as endogenous 107 IP from the human neuronal cell line SH-SY5Y, which expresses both DCC and Nrp1, also 108 shows ribosomal protein co-precipitation after pulldown of the endogenous receptor (Figure 109 S1A). 110
111
In addition to DCC and Nrp1, Roundabout 2 (Robo2) triggers local protein synthesis after 112 binding to the guidance cue Slit2 (Piper et al., 2006) . Therefore, we asked whether Robo2 113 also interacts with ribosomal proteins. WB after IP from Xenopus embryonic brains and eyes 114 showed that Robo2 also interacts with ribosomal proteins of both subunits ( Figure 1E ). 115
Growth cone collapse via EphB2 is not mediated by local protein synthesis (Mann et al., 116 2003) , raising the possibility that only receptors that require local protein synthesis for their 117 action on growth cones are coupled to ribosomes. In support of this idea, we could not 118 detect co-IP of ribosomal proteins with EphB2 in Xenopus embryonic brains and eyes, 119
indicating that not all guidance receptors interact with ribosomal proteins ( Figure 1F ). 120
121
To confirm that receptors bind to ribosomes or ribosomal subunits and not free ribosomal To gain mechanistic insights into the interaction between receptors and ribosomes, we 149 examined the co-sedimentation profiles of DCC and Nrp1 in Xenopus embryonic brains and 150 eyes after sucrose gradient purification of ribosomes. Consistent with previous findings 151 ( Tcherkezian et al., 2010) , DCC was prominent in 40S, 60S and 80S fractions but not in 152 polysomal fractions ( Figure S2A ). Nrp1 was also found in 40S, 60S and 80S fractions, as 153 well as some detection in polysomal fractions ( Figure S2A ), suggesting a possibly different 154 association mechanism between the two receptors, or a different translational status of 155 receptor-bound ribosomes. Both DCC and Nrp1 were also present in ribosome-free fractions 156
indicating that not all receptor molecules are associated with ribosomes ( Figure S2A ). EDTA 157 treatment, which dissociates the monosomes/polysomes into separate ribosomal subunits, 158
shifted both DCC and Nrp1 to lighter fractions, supporting a valid association with ribosomes 159 ( Figure S2B ). 160
161
Next, we used qPCR to further investigate the association of ribosomes to receptors. When 162 IP samples were treated with EDTA before elution, the enrichment of 18S and 28S rRNA 163 after receptor pulldown was significantly decreased for both DCC and Nrp1 (Figure 2A ). One 164 possibility for this decrease is that DCC and Nrp1 interact mainly with 80S ribosomes. 165
Another possibility is that the binding of ribosomes to receptors is mRNA-dependent. To test 166 the latter hypothesis, we treated the receptor pulldown samples with RNase A/T1, which 167 digests mRNAs and releases any factors bound to ribosomes via mRNA (Simsek et al., 168 2017) . We have previously shown that the concentration of RNase A/T1 used largely 169 preserves the integrity of ribosomes although we cannot formally exclude that it may still 170 partially cleave rRNA . We found a significant decrease in the co-171 precipitation of 18S and 28S rRNA with receptors ( Figure 2A ). Consistent with these results, 172
Western blot analysis of IP samples treated with RNaseA/T1 or EDTA treatment confirms the 173 decrease in ribosomal protein binding after RNaseA/T1 or EDTA treatments for both DCC 174 and Nrp1 ( Figure 2B , C). Together, these results suggest that the interaction of receptors 175 with ribosomes is largely mediated through mRNA. 176
177

DCC and Nrp1 bind to specific RBPs and subsets of mRNAs 178
The mRNA-dependency of the receptor-ribosome interaction suggests that receptors may 179 bind to ribosomes via mRNAs and/or RNA binding proteins. Indeed, our MS analysis 180 revealed that several RBPs are significantly enriched after DCC or Nrp1 pulldown ( Figure  181 2D, E, orange dots). Of 23 RBPs pulled down with DCC and 34 RBPs pulled down with Nrp1, 182 only 10 are shared between the two receptors ( Figure 2D , E). Several RBPs are significantly 183 enriched in only one of the two receptor IPs. For example, Staufen1 is significantly enriched 184 after Nrp1 IP, but not DCC IP ( Figure 2F) Previous work has shown that stimulation with the guidance cues Netrin-1 and Sema3A that 245 bind DCC and Nrp1, respectively, triggers the remodelling of the nascent axonal proteome 246 within 5 minutes . Therefore, we investigated if the association 247 between receptors and ribosomal proteins is cue-sensitive. Remarkably, the PLA signal 248 between DCC and the ribosomal proteins RPL5/uL18 and RPS4X/eS4 decreased 249 significantly in retinal axon growth cones after 2 min of Netrin-1 of stimulation ( Figure 3F suggests that EphrinA1 may inhibit (selective) local translation induced by Netrin-1. To test 297 this hypothesis, we examined the effect of cue integration of Netrin-1 and EphrinA1 on both 298 global and selective local translation in growth cones. Axon-only cultures, after soma 299 removal, were pulse-labeled with a low concentration of puromycin, a structural tRNA 300 analogue that is incorporated into the C-terminus of nascent polypeptide chains. 301
Subsequently, global translation was visualized after incubating with an anti-puromycin 302 antibody and measured by quantitative immunofluorescence (Schmidt et al., 2009 ). In the 303 culture conditions used in this study (Hopker et al., 1999) , both Netrin-1 and EphrinA1 304 decrease global local translation in axons ( Figure 4A -B). Consistent with this result, both 305 cues decrease pERK1/2 levels ( Figure S4A ), an upstream activator of the TOR signalling 306 pathway, which is known to regulate axonal protein synthesis (Campbell and Holt, 2003) . Nrp1. Ctnnb1 and hnrnph1 mRNAs have been detected in RGC axons by RNA-seq 313 . We next tested whether these mRNAs associate with DCC also in 314 Xenopus brain and eyes, by carrying out IP followed by qPCR. The results showed 315 significant enrichment of ctnnb1 and hnrnph1 mRNAs in DCC pulldown compared to an IgG 316 pulldown, thus confirming their association with DCC ( Figure 4C ). Importantly, both -catenin 317 and hnRNPH1 proteins are selectively synthesised in response to 5 min Netrin-1 stimulation, 318 but not Sema3A, as revealed by quantification of immunofluorescence ( Figure 4D -G). 319 320 Similar to -catenin and hnRNPH1, RPS14/uS11 is up-regulated in response to 5 min Netrin-321 1 stimulation, but not Sema3A , as confirmed by quantification of 322 immunofluorescence ( Figure S4D ). However, rps14 mRNA was not detected to be 323 associated with DCC in SH-SY5Y. Therefore, we asked whether this is due to interspecies 324 differences (SH-SY5Y vs. Xenopus), or whether rps14 is selectively translated via a DCC 325 interactome-independent mechanism. To address this question, we carried out IP followed 326 by qPCR in Xenopus brain and eyes, which confirmed rps14 association to DCC (Figure 327 
Ribosomes at the plasma membrane in axonal growth cones 341
Finally, we asked whether we could detect ribosomes in close proximity to the plasma 342 membrane in axonal growth cones. We performed electron microscopy on axonal growth 343 cones, and we observed an abundance of ribosomes in growth cones ( Figure 5A ). Strikingly, 344
ribosomes could be seen aligned in rows underneath the plasma membrane ( Figure  345 5A), particularly in the growth cone sections closest to the culture surface. These ribosomes 346 were often single, rather than in clusters, indicative of and consistent with monosomes 347 binding to the intracellular portions of transmembrane receptors such as DCC or Nrp-1. 348 349
Discussion 350
We provide evidence for a receptor-ribosome coupled mechanism by which extrinsic cues 351 cause rapid changes in the local proteome. In support of this model, we show that multiple 352 guidance cue receptors interact with ribosomes, that the interaction between receptors and 353 ribosomes depends on mRNA and rapidly decreases within 2 min of cue stimulation. 354
Moreover, we show that receptors bind to distinct subsets of RBPs and mRNAs, and that cue 355 stimulation induces the selective axonal translation of several receptor-specific mRNAs. 356
Finally, we show that the integration of multiple cues can alter receptor-ribosome dissociation 357 and selective translation. 358
359
Based on the candidate receptors tested here, we suggest that whether or not a particular 360 receptor shows receptor-ribosome coupling is related to whether or not the receptors 361 regulate local translation upon ligand binding. Future studies are needed to determine 362 whether receptor-ribosome coupling is restricted to axon guidance receptors and neurons. 363
Interestingly, a previous study has reported the association of a chemokine receptor, 364 CXCR4, with eukaryotic initiation factor 2B (eIF2B), which decreases upon ligand binding 365 should be noted that our current approach to analyse RP composition has several limitations 376 which warrant caution. Firstly, label-free quantification is less accurate than quantification 377 based on TMT-labels or single reaction monitoring. Secondly, these experiments did not 378 include a ribosome isolation step, which raises the possibility that free ribosomal proteins 379 bound to receptors contribute to our quantification. Therefore, future studies will be needed 380 to investigate whether specific receptors bind heterogeneous ribosomes and whether these 381 ribosomes are specialized to translate specific mRNA subsets. Ribosome heterogeneity can be noted that, in addition to RBPs and mRNAs, several other molecules characterize the 405 receptor-specific interactome. For example, eIF3d, an initiation factor previously shown to 406 regulate specialized translation initiation, is significantly enriched specifically in Nrp1 IP, but 407 not DCC IP, thus raising the interesting possibility that differential binding to initiation factors 408 may contribute to cue-induced selective translation (Lee et al., 2016) . Intriguingly, a recent 409 study revealed that an untranslated mRNA can associate with and regulate the signalling of 410 the TrkA receptor in axons via its axon-enriched long 3'UTR (Crerar et al., 2019) . It will be 411 interesting to investigate whether any of the DCC and Nrp1 targets identified in our study 412 also play a structural role, for example by regulating the receptor-ribosome association 413 and/or the downstream signalling and local translation. 2017). Here, we tested the effect of cue integration on receptor-ribosome coupling and found 419 that EphrinA1 blocks Netrin-1 induced ribosome dissociation from DCC. In addition, 420
EphrinA1 blocks the Netrin-1-induced selective increase in translation of several mRNAs. 421
The mechanism by which EphrinA1 affects the coupling of DCC to ribosomes is unknown. 422
One possibility is that, upon co-stimulation of EphrinA1 and Netrin-1, the DCC and Eph 423 receptors may form a complex, thereby altering the receptor structure and association to 424 ribosomes, which could be consistent with a previous study showing a ligand-dependent 425 interaction between the receptors Unc5 and EphB2 (Poliak et al., 2015) . 426
427
In conclusion, our findings show that coupling of the translational machinery to guidance cue 428 receptors at the plasma membrane of growth cones is a mechanism to rapidly and 429 selectively control the cue-induced regulation of the local proteome and suggest that this is a 430 general principle that can be applied to neural membrane receptors more broadly. 431 432 SuperRNAse In RNAse inhibitor (Ambion, AM2696)). Tissues or cells were lysed for 30 558 minutes at 4C and centrifuged for 5 minutes at 800g at 4°C to remove unlysed cells and 559 nuclei and then 15 minutes at 16000g at 4°C. The resulting supernatant was incubated with 560 magnetic Dynabeads pre-coupled with antibodies using the Dynabeads antibody coupling kit 561 (Thermo Fisher Scientific, 14311D) for 1.5 hours at 4°C on a rotor. The following antibodies 562 were used: mouse-anti-DCC (BD Biosciences, 554223); rabbit-anti-Nrp1 (Abcam, ab81321); 563 goat-anti-Robo2 (R&D systems, AF3147); mouse-anti-EphB2 (Santa Cruz, sc130068) or an 564 isotype control: rabbit IgG (Abcam, ab37415); mouse IgG1 (R&D systems, 11); mouse IgG2b 565 (R&D systems, MAB004); goat IgG (R&D systems, AB-108-C). Beads were then washed 3 566 times in lysis buffer and processed for protein or RNA isolation. For EDTA treatment, beads 567 were washed with EDTA wash buffer (20mM Tris-HCl, pH 7.4, 150mM NaCl, 25mM EDTA 568 and 10% glycerol supplemented with EDTA-free protease inhibitors (Roche, 11873580001), 569 phosphatase inhibitors (Thermo Fisher Scientific, A32957) for 3 times before elution. For 570
Figure legends
RNaseA/T1 treatment, beads were washed three times for 3 minutes at RT with RNaseA/T1 571 wash buffer (20mM Tris-HCl, pH 7.4, 150mM NaCl, 10mM MgCl2 and 10% glycerol 572 supplemented with 100µg/ml cycloheximide (Sigma-Aldrich), EDTA-free protease inhibitors 573 (Roche, 11873580001), phosphatase inhibitors (Thermo Fisher Scientific, A32957), 10µg/µl 574 RNase A (Ambion, EN0531) and 250U RNase T1 (Ambion, EN0541). The concentrations of 575
RNaseA and RNase T1 used here were previously determined to selectively affect 576 polysomes but not monosomes using polysome fractionation analysis (Shigeoka et al., 577 2018) . 578
For protein isolation, 1x NuPAGE LDS sample buffer (Thermo Fisher Scientific, NP0008) 579 was added to the beads, incubated for 5 minutes at 95°C and the final protein eluate was 580 collected after magnetic separation of the beads. For RNA isolation, RLT buffer was added to 581 the beads, vortexed for 2 minutes and then separated from the beads on a magnetic stand. 582 583
Polysome fractionation 584
For density gradient fractionation, lysate was layered on a sucrose gradient (10-50%) in PLB 585 buffer (20mM Tris-HCl, pH 7.4, 150mM NaCl, 10mM MgCl2, 100µg/ml cycloheximide 586 (Sigma-Aldrich), 0.5mM DTT) and ultracentrifugation was performed using a Beckman SW-587 40Ti rotor and Beckman Optima L-100 XP ultracentrifuge, with a speed of 35,000 rpm at 4°C 588 for 160 min. Fractionations and UV absorbance profiling were carried out using Density 589 Gradient Fractionation System (Teledyne ISCO). Proteins were precipitated from each 590 fraction using methanol-chloroform precipitation and pellets were resuspended in 1x 591
NuPAGE LDS sample buffer and used for Western blotting as described below. 592 593
Western blot 594
Proteins were resolved by SDS-PAGE on NuPage 4-12% Bis-Tris gels (Invitrogen, NP0321) 595 and transferred to nitrocellulose membrane (Bio-Rad). The blots were blocked in 5% milk in 596 TBST-T for 60 minutes at RT and then incubated with primary antibodies in 5% milk in TBS-T 597 overnight at 4°C. After washing 3 times with TBS-T the blots were incubated with HRP-598 conjugated secondary antibodies (goat-anti-mouse HRP (Abcam, ab6789); goat-anti-rabbit 599 HRP (Abcam, ab6721) for 1 hour at RT, washed again for 3 times in TBS-T, followed by 600 ECL-based detection (Pierce ECL plus, Thermo Scientific, 32123). The following primary 601 antibodies were used for Western blot analysis: mouse-anti-DCC (BD Biosciences, 554223), 602 rabbit-anti-neuropilin-1 (Abcam, ab81321), goat-anti-Robo2 (R&D systems, AF3147), mouse-603
Fluor-conjugated secondary antibodies for 60 min at 20°C in the dark. Cultures were 660 mounted in FluorSave (Calbiochem, 345789). Primary antibodies were used at the following 661 dilutions: 1:100 for mouse anti-DCC (BD Biosciences, 554223), 1:100 for rabbit anti-662 neuropilin-1 (Abcam, ab81321), 1:100 for rabbit anti-RPL5/uL18 (15430-1-AP, Proteintech), 663 1:100 mouse anti-RPS3A/eS1 (ab194670, Abcam), 1:200 mouse-anti-puromycin-AlexaFluor-664 488 (Millipore, MABE343-AF488), 1:500 rabbit-anti--Catenin (Sigma-Aldrich, C2206), 1:500 665 rabbit-anti-hnRNPH1 (Abcam, ab154894), rabbit-anti-RPS14/uS11 (Abcam, ), 1:250 rabbit-666 anti-pERK1/2 (Cell Signaling, 9101). Secondary antibodies were diluted at: 1:1000 goat anti-667 rabbit Alexa Fluor 568 (Abcam, ab150077), 1:1000 goat anti-mouse Alexa Fluor 568 (Abcam, 668 ab150117). 669 670
Expansion microscopy 671
For expansion microscopy, RGCs explant cultures were immunostained with primary and 672 secondary antibodies as described above, followed by applying the expansion protocol for 673 cultured cells (Chen et al., 2015) . Briefly, cultures were incubated in 0.25% glutaraldehyde in 674 PBS for 20 min at RT and then washed with PBS three times, before adding monomer 675 solution (2M NaCl, 8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide, 0.1% (w/w) N,N'-676 methylenebisacrylamide in PBS) for 2 min at RT. Subsequently, monomer solution was 677 mixed with 0.2% ammonium persulfate (APS) and 0.2% Tetramethylethylendiamin (TEMED) 678 and added to the samples. Gelation of the polymer occurred at 37°C for 30 min, followed by 679 digestion of the samples with digestion buffer (40mM Tris (pH 8), 1mM EDTA, 0.5% Triton-X-680 100, 0.8M guanidine NaCl, 8U/ml Proteinase K in water) and incubated at 37°C for 1h. To 681 expand the samples, digestion buffer was removed and gels were placed in water for several 682 hours during which water was replaced every 30 min. Once gels detached from the glass 683 dish, they were transferred to a bigger dish to allow expansion. For imaging, expanded gels 684 were cut in pieces and transferred to poly-L-lysine coated glass bottom dishes. Imaging was 685 performed using a 60x/1.3 NA silicone oil objective lens on a Perkin Elmer Spinning Disk 686
UltraVIEW ERS, Olympus IX81 inverted microscope and the Volocity software. 687
Quantification of Immunofluorescence 689
For the quantification of fluorescence intensity, isolated growth cones were randomly 690 selected with phase optics. For each experiment, the images were captured on the same day 691 using the same gain and exposure settings and pixel saturation was avoided. Using Volocity 692 software (Perkin Elmer), a region of interest (ROI) was defined by tracing the outline of each 693 single growth cone using the phase image and the mean pixel intensity per unit area was 694 measured in the fluorescent channel. The background fluorescence was measured in a ROI 695 close to the growth cone that was free of debree or other axons and this was substracted 696 from the mean fluorescence value of the growth cone. Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap C18, 2μm 708 particle size, 100A pore size, 75μm i.d. x 50cm length). Peptides were loaded onto a pre-709 column (Thermo Scientific PepMap 100 C18, 5μm particle size, 100A pore size, 300μm i.d. x 710 5mm length) from the Ultimate 3000 autosampler with 0.1% formic acid for 3 minutes at a 711 flow rate of 10μL/min. After this period, the column valve was switched to allow elution of 712 peptides from the pre-column onto the analytical column. Solvent A was water + 0.1% formic 713 acid and solvent B was 80% acetonitrile, 20% water + 0.1% formic acid. The linear gradient 714 employed was 2-40% B in 30 minutes. 715
The LC eluant was sprayed into the mass spectrometer by means of an Easy-Spray source 716 (Thermo Fisher Scientific Inc.). All m/z values of eluting ions were measured in an Orbitrap 717 mass analyzer, set at a resolution of 70000 and was scanned between m/z 380-1500. Data-718 dependent scans (Top 20) were employed to automatically isolate and generate fragment 719 ions by higher energy collisional dissociation (HCD, NCE:25%) in the HCD collision cell and 720 measurement of the resulting fragment ions was performed in the Orbitrap analyser, set at a 721 resolution of 17500. Singly charged ions and ions with unassigned charge states were 722 excluded from being selected for MS/MS and a dynamic exclusion window of 20 seconds 723 was employed. 724
Raw data were processed using Maxquant (version 1.6.1.0) (Cox and Mann, 2008) with 725 default settings. MS/MS spectra were searched against the X. laevis protein sequences from 726
Xenbase (xlaevisProtein.fasta). Enzyme specificity was set to trypsin/P, allowing a maximum 727 of two missed cleavages. The minimal peptide length allowed was set to seven amino acids. 728
Global false discovery rates for peptide and protein identification were set to 1%. The match-729 between runs option was enabled. 730 731
Label-free quantification (LFQ/iBAQ) analysis of proteomics data 732
To identify significant interactors, t-test-based statistics were applied on label-free 733 quantification (LFQ) intensity values were performed using Perseus software. Briefly, LFQ 734 intensity values were logarithmized (log2) and missing values were imputed based on the 735 normal distribution (width = 0.3, shift = 1.8). Significant interactors of DCC or Nrp1 pulldowns 736 compared to IgG pulldowns were determined using a two-tailed t-test with correction for 737 multiple testing using a permutation-based false discovery rate (FDR) method. 738
To determine the stoichiometry of ribosomal proteins in 40S and 60S subunits, we compared 739 the relative abundance of all detected ribosomal proteins as measured by iBAQ intensities. 740
The obtained relative abundances were normalized to the mean of all iBAQ intensities for 741 either 40S or 60S ribosomal proteins in each sample. These normalized relative abundances 742
were then compared between DCC and Nrp1 and tested for significance using a t-test. 743
RNA-sequencing 745
RNA was isolated from immunoprecipitated samples from SH-SY5Y cells as described 746 above using RLT buffer (Qiagen) containing -mercaptoethanol and the RNeasy Mini kit 747 Loading... 
Neuropilin-1 IP
